In this paper we present the experimental study of a glow plasma jet (GPJ) obtained from a transferred atmospheric pressure glow discharge (APGD) operating at 60 Hz. The characterization of the emission spectra for both electrical discharges is presented and the electrical circuit features for APGD generation are discussed. The potentiality of GPJ as a source of active species for depletion of contaminants in liquid hydrocarbon fractions is also established.
Introduction
Over the last two decades atmospheric pressure glow discharges (APGDs) have been extensively studied with regard to their implications in large area materials processing [1] and their relatively easy and cheap facility scaling when compared with low pressure glow discharges (LPGD). Between 1987 and 1990 Kogoma and co-workers found a method for generation and stabilization of APGDs combining controlled conditions such as the use of a high voltage and high frequency power supply (HFPS), the use of helium (He) gas for dilution and the insertion of a dielectric plate (DP) between electrodes [2, 3] . In 1993 the condition for using a HFPS was met when it was shown that using a low frequency power supply (LFPS)-50 Hz-it was possible to obtain a stable regime for APGD [4] . At the same time the dielectric barrier discharge (DBD), initially thought of as a forerunner for APGD generation, was better understood and its differences with APGDs well recorded: the former has a larger role in industrial applications such as ozone production systems and plasma display panels (PDP) [5, 6] . In 1997 the DP condition for APGD stabilization was met: Selwyn et al [7, 8] at Los Alamos National Laboratory reported and patented a system where a cold plasma jet at atmospheric pressure (called an atmospheric pressure plasma jet (APPJ)) using a HFPS (13.56 MHz) and in a controlled mixture of He and reactive gas for stabilization and arcing control by flow speed could be obtained. This kind of discharge has its main application in decontamination of chemical and biological warfare agents, in materials processing [9, 10] and the DC version for polymer surface treatment [11] . In 2001 Trunec et al [12] reported that using pure neon (Ne) an APGD can also be generated. These examples and others that can be found in the literature, are a good demonstration that the original conditions stated by Kogoma et al for APGD generation and stabilization could be chosen depending on specific needs and the application environment.
Around the world the oil industry has several problems related to pollution control in substances, such as processing gases, hydrocarbon fractions and water disposal. Here in Colombia, at Instituto Colombiano del Petróleo (ECOPETROL-ICP), we are exploring novel techniques of plasma processing with the aim of incorporating plasma technology into the well established refinery process looking for the control or reduction of contaminants such as sulfur compounds in liquid and gas hydrocarbon fractions. As a result of our research process we found APGD to be a good candidate for the pursuit of this objective. In this paper, we report the generation of a glow plasma jet (GPJ) from a transferred APGD in a mixture of He gas and atmospheric air using a LFPS (60 Hz), one of the explored systems to be incorporated in a refinery process. This system of discharges (which was obtained in a plasma reactor that can be inserted at refinery streams) can be employed for simultaneous treatment of liquid and gas hydrocarbon fractions and differs from those cited in its specific application environment.
The electrical and optical monitoring for APGD and GPJ characterization regimes at the previous stage of the specific application process (whose results are considered as a reference for supporting its potential applications and which are in good agreement with results found in the literature for these kinds of discharges) are also presented and discussed.
Experimental
GPJ plasma was obtained from an APGD that was generated in a cylindrical shape reactor (as shown in figure 1 ). The external electrode was made of aluminium foil with radius B = 5.5 mm which covered a length of 100 mm of the external surface of a Pyrex pipe of thickness 2 mm which had an internal radius C = 3.5 mm, having a nozzle shape reduction of diameter close to 5 mm at its open end. The internal electrode, made of stainless steel (SAE 316) concentrically arranged, was also cylindrically shaped with radius A = 1.5 and length 85 mm and with the inter-electrode distance, d, close to 2 mm. Both electrodes were separated by the Pyrex pipe so that the external electrode is assumed to be covered by dielectric material.
The internal electrode was connected to a high voltage LFPS (60 Hz) and the external electrode (aluminium foil) was grounded. Using a digital oscilloscope (TEKTRONIX TDS 210) the discharge electrical circuit was monitored for the applied potential through the HV probe (TEKTRONIX P6015A) and the discharge's electrical circuit current through an electric potential drop in a 50 resistor in series with the grounded electrode (see figure 1 for electrical circuit arrangement). The stages of the discharge evolution starting from reactor energization to GPJ appearance were identified by recording, with the oscilloscope, the electrical characteristics of the discharge circuit. Initially, in order to obtain a stable regime of the discharge inside the reactor, He gas (99.98% purity) and atmospheric air at a ratio of 98 : 2 respectively, were injected through the gas inlet (see the right-hand side of figure 1 ). The gas flow speed was assumed variable along the length of the reactor due to its specific geometry and ranged from 0.8 m s −1 (inside it) to 1.8 m s −1 at its open end for 2000 ml min −1 of gas mixture. Following application of an electric field of the order of 2 × 10 6 V m −1 it ignites and appears diffuse. The discharge was then transferred to the free environment due to gas mass flow and, both inside the reactor and at the open end of the Pyrex pipe, the discharge maintains its stability. By means of an OCEAN OPTICS S2000 spectrophotometer, which covers the UV-visible range from 200 to 800 nm (having a spectral resolution of 1.5 nm) with a fibre optic of 400 µm slit attached and, under the same experimental conditions described above, the APGD and GPJ emission spectra were also recorded (see figure 2) .
As can be seen in figure 2 such spectral information was limited by the fibre optic slit and spectrophotometer resolution (1.5 nm); nevertheless, there are some proved spectroscopic techniques which can be used for determination of plasma parameters from mostly unresolved spectra [13, 14] as in our case. It is important to say that, in this experiment, in order to avoid interference in the device's electronic circuit, which could result in a possible misinterpretation of the spectral data, we used long exposition times for at least 20 spectral averaged measurements (each one with background noise subtracted).
The reactor shown in figure 1 , with some modifications, was used for liquid hydrocarbon stream process treatment and it can be seen in figure 3 (left) .
Under the configuration shown in figure 3 (left) and maintaining the experimental conditions established above, i.e. when the discharge appears diffuse both inside and at the open end of the reactor, the stream of liquid hydrocarbon was injected in order to be treated by plasma active species and the processing gases (results of plasma interaction with liquid fluid) were consequently also treated and eventually neutralized by the effect of GPJ (active species regarding working gas mixture) when it was transferred to the environment. The image (2 s exposition time at high aperture) of the reactor that appears in figure 3 (right) was taken during this process.
Results and discussion
The shapes of the discharge current and voltage curves usually represent the first feature for determination of the discharge regime. As we could observe in our experiment, the evolution of the discharge inside the reactor cross for three well-defined regimes was determined by the electric potential applied, i.e. from filamentary to APGD (as was reported by Trunec et al [12] ) falling again in the filamentary regime when the applied voltage increased and the other experimental variables, such as gas flow and working frequency (60 Hz) of the power supply, remained unchanged. The initial stage of filamentary discharge was noted when a variable electrical potential (from 1 to 5 kV rms ) was applied: the discharge inside the reactor is not homogeneous, and emits an audible signal and the oscilloscope's registered curve, that corresponds to a voltage drop in a 50 resistor, shows several peaks that were assumed to be high frequency variations in the discharge's electrical circuit current, and also noted was the formation of charge filaments or micro-discharges in the inter-electrode space. Under these conditions the discharge's electrical circuit current was ranged from 0.3 to 1 mA with a chaotic frequency of several tenths of kilohertz. Raising the applied potential (from 5 to 7 kV rms ), the audible signal fades, the frequency of the measured discharge's electrical circuit current is stabilized at 60 Hz, the current peaks previously reported vanish appearing with just one single peak every half cycle, the discharge inside the reactor appear diffuse (APGD regime) and is also detected at the open end of the reactor (GPJ discharge). In this stage, the current was ranged from 2 to 10 mA and it was also observed that if the applied voltage is increased up to 8 kV rms , the discharge was detected in the filamentary regime again. From the emission spectra of APGD and GPJ it was possible to obtain information about the active species in the plasma environment and its average temperature related to electronic, vibrational and rotational populations. In general, in both discharges, the same species remain but there is a notorious variation in the rate of the reaction mechanism due to high recombination which is suggested by the difference in the order of magnitude of the relative intensity measured. Mainly, using referenced data [15] , we found in both discharges, species such as molecular nitrogen (N 2 -SPS), nitrogen molecular ions (N + 2 -FNS) (which were used for vibrational temperature determination), helium (He) in the atomic and long-lived excited state and hydroxyl (OH) radical. The presence in the spectra (due to relative humidity of air used for this experiment) of the last single specie mentioned above was used as a reference for the determination of rotational temperature which usually represents the temperature of heavy species in the plasma environment and it is close to gas temperature (T g ) [14, 16] . As can be noted, comparing the intensity scales for both spectra (see figure 2) , this band remains unchanged with almost the same relative intensity.
From the results of spectral simulation using LIFBASE software [17] (see figure 4) it was possible to find that, with an error margin of 10%, rotational temperature is close to room temperature (∼300 K) which is understandable taking into account experimental pressure conditions: at high pressures relaxation processes are frequent and the populations in such states (rotational) are quickly thermalized.
As can be seen in figure 2, another main difference between the two spectra relies on the relative intensity of the mostly unresolved nitrogen band heads (N 2 second positive system (SPS) and N + 2 first negative system (FNS)). From the analysis of such bands, using available spectral data and plasma macroscopic parameter spectral measurement techniques [15, 18] , it was also possible to obtain vibrational temperature (which is assumed close to electronic temperature (T e ) of the discharge [19] for this kind of discharge) giving us an average of 2500 K for inner discharge (APGD) and 6000 K in the discharge maintained at the outlet of the reactor. These results let us define both discharges' system as a reactive non-equilibrium plasma source.
In the bulk of the discharge (APGD), which remains inside of the reactor, there was a low concentration of air mixed with working gas (0.8 He-0.2 air mass fraction) but at the open end this concentration changes to extremely high due to the discharge, by means of the carrier gas mixture, being transferred to the free environment and a gradient of pressure is expected to appear, due to flow speed, which drags more air from such environments. The active species generated in the APGD inside the reactor carry enough energy to remain 'active' in spite of their transference: species such as He (2 3 S) are created in the APGD and then are transferred to the free 
The species and reaction mechanism represented by equation (1) has been regarded as the main feature for the self-sustaining of the APGD but greater attention should be paid to the role of molecular nitrogen metastable species as a source of charged species for GPJ. If we make a simple comparative analysis at the variations of relative intensity measured for nitrogen molecular ions and molecular nitrogen in the spectrum of GPJ (see figure 2 , bottom) we may consider that it is due to gas environment where it is transferred, but why does the discharge still remain stable some centimetres away from the outlet of the reactor if the gas mass fraction is, in this case, inverse (i.e. more nitrogen than helium) and the excitation source is not present? The sustaining mechanism of the GPJ existence is assumed to be a chaining reaction process that starts when helium species in metastable states transfer their energy to molecular nitrogen species promoting them to metastable states (see figure 5 ). This observation could be inferred from image in figure 3 where discharge remains stable in spite of the large path that active species need to 'trip' through the reactor, configured for instance, for liquid hydrocarbon processing.
Concluding remarks
The reaction mechanism presented in figure 5 for GPJ existence is thought to be the reason why measured temperature for vibrational population is greater than that obtained for APGD in the bulk of the reactor.
From spectroscopic characterization and from the results for macroscopic parameters of discharges obtained (APGD and GPJ), it is possible to establish its capability and potential as a source of active species such as nitrogen molecular ions and OH radicals for material surface treatment: in fact, it is suggested that nitriding process be explored using this kind of discharge system.
Certainly APGD and GPJ offer a wide perspective for applications in different areas of materials processing and have great potential as a pollution control alternative for liquid substances [21] . The results for the GPJ liquid hydrocarbon depletion process will be presented in other publications.
We suggest that environmental pollution control related to the hydrocarbon industry must be approached from the point of view of decontamination of its sources, i.e. processing of liquid hydrocarbon fractions before being used as motor fuels.
